ABSTRACT. The vertical distribution of turbulence over Mauna Kea has been measured on four nights in 2002 October, simultaneously using two different instruments based on stellar scintillation-the generalized SCIDAR (scintillation detection and ranging) and MASS (multiaperture scintillation sensor). The turbulence integrals match within 20%, and the low-resolution profiles delivered by MASS correctly reveal the localization of the strongest high-altitude turbulent layers. As deduced from DIMM (differential image motion monitor), MASS, and SCIDAR measurements, optical turbulence in the first 0.7 km above the summit contributed typically half of the total integral, the latter corresponding to a seeing of 0Љ .5. The ground layer and free atmosphere are not correlated.
INTRODUCTION
Optical distortions in the terrestrial atmosphere, frequently referred to as "turbulence," are a major factor in defining the capabilities of ground-based telescopes and interferometers. Adaptive optics (AO) can compensate for the image blur caused by turbulence (seeing), but the sensitivity of this method to the intensity, vertical distribution, and speed of turbulence is such that knowledge of these characteristics becomes even more important for AO than for classical, seeing-limited observations (Roddier 1999) . Thus, there is a need to monitor the vertical optical turbulence profiles (OTPs) at existing and future astronomical sites.
A classical optical method of OTP measurement is with SCIDAR (scintillation detection and ranging; Avila et al. 1997) , which is based on the spatial correlation of intensity fluctuations (scintillation) produced by a double star in the pupil plane of a telescope. However, the required aperture size of the feeding optics (11 m) and heavy data processing have precluded the use of SCIDAR for regular OTP monitoring, restricting its use to dedicated campaigns.
An alternative method of OTP monitoring relies on the analysis of the scintillation of single stars. The multiaperture scintillation sensor (MASS) has recently been developed based on this principle . The advantage of MASS is its small aperture (8-15 cm) and its simplicity; its drawback is a low vertical resolution. In this respect MASS is similar to the differential image motion monitor (DIMM), which has been adopted as standard method for measuring seeing (e.g., Vernin & Muñoz-Tuñón 1995) .
It is essential to check new instruments like MASS against established techniques. This paper reports on a MASS-SCIDAR comparison conducted as part of the 2002 Mauna Kea (MK) site characterization campaign. The OTP properties at this site are also discussed.
The definitions of the turbulence parameters used in this paper are given by Roddier (1981) and in numerous other sources. The intensity of turbulence at some altitude h is characterized by the refractive index structure constant , measured in m
. In 2 C (h) n the framework of the standard Kolmogorov-Tatarski turbulence model (Tatarskii 1971) , the integral strength of turbulence (in m 1/3 ) is directly related to the half-width of
the seeing-limited image e in a large telescope. Throughout this paper, an e at a 500 nm wavelength at zenith is used, in which case . The turbulence integral J in the
e/1 p (J/6.8 # 10 ) free atmosphere (starting at 700 m above the ground) is converted to "free-atmosphere seeing" by the same formula.
In § 2 we describe the SCIDAR, MASS, and DIMM instruments and the data they obtained during the MK 2002 campaign. MASS and SCIDAR data are compared in § 3. Finally, in § 4 we give some results from OTP measurements using all three instruments.
INSTRUMENTS AND DATA

Generalized SCIDAR
The SCIDAR instrument was developed at Nice University and operated by J. Vernin and A. Ziad. It was installed at the The vertical sampling of the profile is on a 300 m grid extending from some altitude below the mountain (to measure the ground layer correctly) to ∼20 km above the site.
The principle of the generalized SCIDAR is based on the extraction of the spatial correlation of the scintillation images of binary stars. The CCD detector that records these scintillation patterns is placed in the analysis plane conjugated to some negative altitude (i.e., below the pupil). This additional h gs propagation distance produces detectable scintillation from h gs ground-layer turbulence, making SCIDAR sensitive to turbulence at all altitudes.
Two spatial autocorrelation functions of scintillation images, and , are computed in the directions parallel and per-C C FF Ќ pendicular to the star separation. The difference between these functions is given by Avila et al. (1997) as * * * * 
C (h)
n SCIDAR has been defined by Avila et al. (1997) , and more recently in the sense of FWHM by Prieur et al. (2001) ,
gs v where l indicates the wavelength and v corresponds to the double-star separation. This natural vertical resolution is improved by a factor of about 2 when one uses the maximum entropy technique (Vernin 1992) . Indeed, when two peaks corresponding to two close altitudes are mixed together in the sense of FWHM, they can still be separated if the signal-tonoise ratio is high enough. The CCD camera is placed at a suitable distance behind the collimating lens to give km. The vertical resolution h p Ϫ3 gs depends on the double-star separation as indicated in equa-DH tion (2). Table 1 gives the list of the double stars observed during the MK campaign, in addition to the corresponding vertical resolution at the ground and at 20 km.
The images recorded with the CCD are processed in real time for the extraction of the autocorrelations and and
Once the data are returned from B (x) * * the observing campaign, data analysis is then performed to extract the profiles. Dome seeing has not been subtracted.
MASS
The MASS instrument was built at Moscow University under a contract with AURA . The light of a single bright star collected by a small telescope goes through a field stop and a Fabry lens. A system of four small concentric, tilted mirrors in the exit pupil splits the light between four apertures. The flux in each aperture is measured by photomultipliers with fast (17 ns resolution) photon counters. More information on MASS instruments can be found on the Web.
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The 1 ms photon counts accumulated in 1 minute are converted to four normal scintillation indices (one per aperture) and to six differential indices for each pair of apertures. This set of 10 numbers is fitted by a model of six thin turbulent layers at predefined altitudes of 0.5, 1, 2, 4, 8, and 16 km above the site (Tokovinin et al. 2003) . Another model of three layers at "floating" altitudes is also fitted. Turbulence integrals in J i these six (or three) layers represent the OTP measured by MASS. These two methods of OTP restoration are complementary: fixed layers is the standard, quantitative method used in this paper, whereas floating layers produce a more qualitative result, helping to localize strong layers. Turbulence near the ground does not produce any scintillation; MASS is "blind" to it and can only measure the seeing in the free atmosphere.
It has been demonstrated through simulations and experience that integral turbulence parameters such as seeing and isoplanatic angle are measured by MASS reliably (Tokovinin et al. 2003) . The restoration of the OTP is straightforward in conditions involving one dominant layer, but it is more complex for cases in which multiple layers of comparable intensity are present. This procedure tends to fit data with a minimum number of layers and hence underestimates weak layers by ascribing to them zero turbulence. The restoration errors of each layer are ∼10% of the total integral. Under conditions of moderate and strong scintillation (not encountered in this campaign), the MASS restoration procedure based on the weak-scintillation theory requires some modification, otherwise the free-atmosphere seeing is overestimated.
In OTP restoration, turbulence located between the predefined fixed layers is redistributed to adjacent layers in suitable proportions. Simulations have shown that the MASS response functions are close to triangular (Tokovinin et al. 2003) . Thus, turbulence intensity in a 2 km "MASS layer" is in fact an integral of the OTP multiplied by the response function that starts from zero at 1 km, reaches 1 at 2 km and drops again to zero at 4 km.
The MASS instrument was installed at the 24 inch (0.6 m) UH telescope. An additional system of two lenses was placed between MASS and the telescope to obtain the desired diameters of the circular apertures projected on the telescope mirror (20, 37, 68, and 130 mm). The telescope was pointed to a bright single star near zenith, and a 1-2 hr sequence of 1 minute measurements was started. Owing to good telescope tracking and MASS's wide 3Ј field, the instrument could be left unattended during these sequences.
In principle, MASS could measure the near-ground turbulence (hence, total seeing) if its apertures were conjugated to a defocused image of the telescope pupil, as with generalized SCIDAR . Telescope tracking errors and diffraction on the edge of the pupil limit the usefulness of this mode. We took advantage of the large aperture and good tracking of the 24 inch telescope and experimented with MASS's generalized mode. A comparison with a DIMM instrument located outside the dome has shown that "generalized" MASS measurements often overestimated the seeing. Possible reasons for this discrepancy include instrumental effects, very crude modeling of low turbulence by a layer at zero altitude, and turbulence inside the telescope dome.
DIMM
The two portable DIMM instruments used in the MK 2002 campaign are similar to the Robo-DIMM seeing monitor developed at the Cerro Tololo Inter-American Observatory (Walker et al. 2003) . In this DIMM, a 25 cm Meade telescope is covered by a mask with two 6 cm holes. One of the holes has a thin-wedge prism to separate the stellar images in the focal plane, where a frame-transfer CCD takes a series of short exposures. The minimum exposure time is 5 ms. Interlaced 5 and 10 ms exposures were taken over 1 minute to correct the seeing for the finite-exposure bias, using the method given in (Tokovinin 2002).
The DIMM-1 instrument was installed on a tripod near the 24 inch dome, at an altitude of ∼1.5 m above the ground. DIMM-2 was installed on the coudé roof of the 88 inch telescope, in proximity to its dome and about 13 m above the ground. We observed that DIMM-1, presumably affected by turbulence near the ground, sometimes indicated significantly worse seeing than DIMM-2. Only DIMM-2 data are used in this paper.
Data Overview
MASS and SCIDAR worked jointly at MK on 2002
October 20-23 (local dates of the beginning of each night). Some MASS data were also obtained on October 19 and during additional runs on November 22, 23, and 26. In this paper, only the data obtained on October 20-23 are used. There were thin cirrus clouds on October 22 (before 8:00 UT) and 23 (whole night), yet the MASS results are considered valid, because slow flux variations caused by cirrus are filtered out in signal processing.
The temporal coverage was not continuous: gaps in SCIDAR data are related to the change of double stars, and gaps in the MASS data occurred between the acquisition series. Only data collected simultaneously are selected for comparison. More specifically, a period of October 22, between 8:30 and 13:00 UT, is chosen because of good coverage by both SCIDAR and MASS and because of significant OTP variations during that period. SCI-DAR and MASS looked at different stars, thus sampling different parts of the atmosphere at any given instant. Each instrument was calibrated independently. No normalization or other "adjustment" was applied to the data sets discussed below.
MASS-SCIDAR COMPARISON
A first qualitative comparison is given in Figure 1 as halftone profiles with square-root stretch to accentuate weak turbulence. The altitude scale is linear, starting at the mountaintop (4200 m above sea level). The MASS "floating layer" data were used to produce this figure in order to compare the localization of strong layers with SCIDAR.
We also compared the turbulence integrals measured by three instruments. In Figure 2 the free-atmosphere seeing given by SCIDAR is computed by integrating the profiles from 700 m upward; it agrees very well with the MASS data. The total seeing measured by DIMM agreed well with the seeing measured by SCIDAR until 9:30 UT, when DIMM started to show worse seeing. We believe that DIMM could be affected by additional turbulence created by the wake of the 88 inch dome.
A more quantitative comparison is made by integrating the products of SCIDAR OTPs and MASS triangular response functions to match the vertical resolution of MASS. The integrals J are transformed into the seeing produced by each layer. The results for one night are plotted in Figure 3 as a function of time. No time rebinning or averaging was applied. Note the very good agreement for 8 and 16 km layers and the overestimation of the 0.5 km layer by MASS, and also its frequent units) for the whole data set, with SCIDAR on the horizontal axis and MASS on the vertical axis. measurements of unrealistic zero seeing in some layers. These features are explained by the restoration technique, in which the total integral is well constrained by the differential indices, but its distribution among six predefined layers is not always correct. The main error is an excessive signal in low layers, at the expense of higher layers. Generally, OTP restoration errors increase with decreasing layer height. Given the high noise in the data (especially those of MASS), the natural "noise" of turbulence (intermittency), and different viewing directions, it makes sense to compare averaged quantities. To this end, we averaged the intensities of turbulent layers J over 1 hr time intervals for both instruments. Only data points for which both instruments are synchronous within 1 minute are taken into consideration, and a minimum number of averaged profiles during any hour is set to 20. Hence, not all hours produce useful comparisons. Scatter plots for all layers and all 1 hr average points are given in Figure 4 . In Table 2 we compare the average turbulent integrals measured on each night and in each layer. The last column compares the averages for the whole period. The agreement between the integrals is impressive, despite completely independent calibrations of MASS and SCIDAR. We again note that MASS systematically underestimated weak layers at 2 and 4 km and overestimated the lowest layer (0.5 km).
TURBULENCE PROFILE AT MAUNA KEA
The properties of the OTP over Mauna Kea as derived from the MK 2002 campaign are discussed here. Despite limited statistics, it is the best available data set for this major international observatory, where several projects on AO and interferometry are being implemented.
In Table 3 we give the levels of the cumulative distributions of seeing computed from the turbulence integrals in the ground layer (GL), in the free atmosphere (FA), and for the total atmosphere (TOT). The seeing derived from 6530 SCIDAR profiles is marked with asterisks. We also derive the FA integrals from 2250 MASS profiles and estimate the total and GL integrals from 924 points in common between MASS and DIMM. The good agreement of FA integrals between MASS and SCIDAR has already been established. DIMM measured somewhat worse total seeing than SCIDAR, as evident in Figure 2 and Table 3 . Note.-Cumulative distribution of seeing (in arcseconds) created by turbulence in the ground layer below 700 m (GL) in the free atmosphere (FA) and total (TOT) according to SCIDAR (S), MASS (M), and DIMM (D). Asterisks identify the seeing derived from 6530 SCIDAR profiles. We warn the reader that this statistic is derived from only four nights and cannot be used to characterize the MK site. However, some OTP features revealed by the MK 2002 campaign deserve comment. It is clear that the seeing was not dominated by turbulence at any specific altitude, with all layers showing contributions of comparable magnitude ( Table 2 ). The contributions of FA and GL are also comparable. The GL is responsible for some 40% of the total integral, according to SCIDAR (54% according to MASS-DIMM). The median total integrals correspond to a seeing of 0Љ .51 (SCIDAR) or 0Љ .63 (DIMM).
Since the physics governing the generation of turbulence in the GL and FA is different, the corresponding integrals are expected to be statistically independent. This does seem to be the case (Fig. 5) . Thus, the OTP can be modeled as independent combination of the GL and FA components.
The OTP parameters at MK are similar to those at other good, well-studied astronomical sites. For example, 43 microthermal balloon soundings at Cerro Pachón in Chile distributed throughout one year revealed median integrals in GL and FA of and , respectively (Avila et al.
Ϫ13 Ϫ13
1.14 # 10 1.73 # 10 2000). The last number has been confirmed by 21 nights of monitoring with MASS in 2003 January.
CONCLUSIONS
Two independently calibrated instruments, MASS and SCI-DAR, show very good agreement (better than 20%) of the turbulence integral in the free atmosphere. The turbulence intensities in the highest layers (8 and 16 km) also agree very well, whereas lower layers are restored by MASS with larger errors. Overall, MASS is shown to be a viable tool for the measurement of the turbulence integral (hence, seeing) in the free atmosphere and for localizing strong turbulent layers. This simple technique finds increasing applications in site testing (Skidmore et al. 2004; Lawrence et al. 2004 ) and OTP monitoring at existing observatories.
We found that under favorable conditions of 0Љ .5 seeing encountered in 2002 October, all atmospheric layers at MK made comparable contributions to the turbulence integral. About half of the integral was caused by turbulence below 0.7 km, which was not correlated with the free atmosphere.
